Objective: To investigate the prevalence of low body weight in Beijing pubertal girls and to establish the cut-off for body mass index (BMI) for underweight for Chinese pubertal girls. Design: Cross-sectional study. Setting: Three socioeconomic areas (rural, suburban and urban) in Beijing, China. Subjects: Random sample of 1214 adolescent girls aged 12 -14 y from 13 middle schools. Results: Using a modified Chinese reference, the rate of low body weight (BMI < 18) was 32.2% (95% CI 29.6 -34.8%). Compared with desirable weight girls (BMI ¼ 18 -21), girls with low body weight had a lower bone age, delayed breast and pubic hair development, a lower rate of menarche, lower distal one-third radius and ulna bone mineral content (BMC), bone mineral density and bone width. Logistic regression showed that BMI was one of the predictors of one-third ulna BMC after adjustment for confounding variables. When comparing BMI < 18 vs BMI ¼ 18 -21, the risk of BMC being less than the median increased by 82% (odds ratio 1.82, 95% CI 1.06 -3.13). Thinness and stunting rates assessed by WHO recommended cut-offs are also reported. Conclusions: High prevalence of low body weight (BMI < 18) was found to be a major health problem among Beijing pubertal girls. BMI < 18 is confirmed as the cut-off for delayed general growth and development for Chinese girls and for screening girls at risk of lower bone mineral status.
Introduction
Adolescence, characterized by accelerated muscle and bone development and large changes in the pattern of endocrine secretion, is the second growth spurt of children, the first one being during infancy. About 15% of adult height, 50% of adult weight and 45% of adult bone mass are attained during this period (Matkovic et al, 1990) . However, adolescent nutrition has received much less attention than infant nutrition, particularly in developing countries. Although anthropometric measures such as height, weight and body mass index are widely used in general physical examination of adolescents in these countries, evaluation of these measurements and their relationship to health has rarely been done. In a study on a total of 4254 boys and girls aged 10 -18 y from different parts of China in 1991 , Wang et al (1998 reported that, in spite of an improvement in diet and nutritional status, under-nutrition, with a 12 -13% prevalence rate, was still an important nutritional problem in adolescents. They defined under-nutrition as age-and gender-specific BMI less than the 5th percentile of American adolescents between 1971 and 1974, as recommended by WHO Expert Committee (1995) . However, the WHO-recommended BMI cut-off might not be applicable to Asian children and adolescents, given differences in race and socio-economic conditions (Chang et al, 1994; Daniels et al, 1997; Luciano et al, 1997; Schaefer et al, 1998; De Onis et al, 2001) . Furthermore, no evidence of impaired health was provided to support the selection of BMI 5th percentile as the cut-off between under-nutrition and acceptable nutrition in the report by Wang et al (1998) . The WHO Expert Committee (1995) has suggested that a local cut-off be developed and used concurrently with the WHO recommended cut-off for under-nutrition in adolescents; that research is needed to determine the most appropriate cut-off values for anthropometric indicators in adolescents, based on functional and health-related outcomes; and that there is a need to determine whether identification of adolescents at risk can be improved by incorporation of maturational status into anthropometric reference data.
It is well known that body weight is positively associated with bone mass. However to our knowledge, no studies have been reported on the effect of low body weight on adolescent health when low bone mass is taken as an end-point. No data on the health effects of cut-off points corresponding to low body mass index in adolescents have been reported. The aims of this study were to measure the prevalence of low body weight in Beijing pubertal girls, and to identify the body mass index (BMI) cut-off point which was associated with delayed growth and maturation, and lower bone mineral status for this age-sex group in China.
Materials and methods
All data used in this study were drawn from a random sample of 1277 Beijing girls aged 12 -14 y who participated in a survey of calcium and vitamin D status in 1995, in which sampling followed a socioeconomically stratified (urban, suburban and rural areas), systematic (selection of project schools from a school list) and cluster method. All girls who met the entry criteria in a selected school were recruited, giving a total of 1214 girls with complete anthropometric, dietary and physical activity data. Subjects with evidence of illness, especially liver, kidney or other disorders that may have caused abnormal bone development, were excluded from the study. Data on bone mineral measurement and pubertal maturation were from a random subsample of half of the subjects. The original study received written approval from the Committee on Experimental Procedures Involving Human Subjects of the University of New South Wales, and written consent from parents of all participants (Du et al, 2001 ).
Measurements
Body weight was measured to the nearest 0.1 kg by using calibrated lever scales no. 6 Machinery Plant, Beijing) , with subjects wearing only light clothes and no shoes. Height to the nearest 0.1 cm using body height measures (TG-III, no. 6 Machinery Plant, Beijing). BMI was calculated by weight in kilograms divided by square of height in metres. Bone age to the nearest 3 months was estimated by means of the Greulich and Pyle Atlas method (Greulich & Pyle, 1959) , which assesses development stages of metacarpals, phalanges and carpals from a hand and wrist X-ray against a set of reference photographs. Date at menarche was recorded. Breast and pubic hair development were assessed according to the Tanner method (staging 1 -5, where 1 ¼ pre-puberty, 5 ¼ adult level) by the investigators (Tanner, 1962; Adelaide Children's Hospital, 1989) . Physical activity was assessed, firstly, by the School Physical Activity Score (SPAS) for the past year given by a schoolteacher for the performance level and activity of the student in a variety of sports and physical activities at school (1 -4, where 1 ¼ excellent and most active), and, secondly, by spare time physical activities (PA) in minutes per week over the past year (>15 categories of PA during class breaks and out-ofschool hours). Family income was classified as low (< 500 yuan=month), middle (500 -1500 yuan=month) and high (>1500 yuan).
Nutrient intakes over the past year were estimated by use of a specially designed and validated semi-quantitative food frequency questionnaire (SFFQ) based on the approach by Block et al (1986; Du et al, 2001) . The average frequency of consumption of each of 103 food items over the past year, in specified serving sizes, was indicated by marking one of 10 frequency categories. With assistance of a set of measure models and food pictures, the SFFQs were self-administered by subjects at school under supervision of the investigator. Chinese food tables (Institute of Nutrition and Food Hygiene, 1991) were used for nutrient calculations as part of a specially designed software for this age and sex group (He et al, 1997) .
Bone mineral content (BMC) and bone width (BW) at distal one-tenth (ratio of trabecular (T) vs cortical (C) bone ¼ 20:80) and one-third (T:C ¼ 1:99; Rosen, 1996) radius and ulna of non-dominant forearms were measured by using a portable bone mineral analyser (BMD-4, Beijing Broadcast Technology Institute, Beijing) utilising single photon absorptiometry (SPA). The precision error of the analyser was < 2%. The short-term precision in vivo was 2.2% with intermediate repositioning. The correlation coefficient between the results from the SPA analyser and a dual energy X-ray absorptiometry (DCS-600EX, Aloka Co. Ltd, Japan, precision error < 1%) was 0.603 in a small group of the subjects. The SPA analyser was calibrated against an aluminium alloy model prior to use on each day and at each project site. The measurement was performed by the same two technicians throughout. WHO (1995) were also used: thinness, BMI < 15.36 (5th percentile of American adolescents, female, 13 y); at risk of overweight, BMI 23.08 (85th percentile of American adolescents, female, 13 y); stunting was defined as height-for-age less than 72 s.d. from the median value (143.4 cm), or less than the 3rd percentile (144.2 cm) of American girls aged 12.9 y (WHO, 1983) .
Assessment of nutritional status

Statistical analysis
Descriptive statistics were performed for all variables by BMI group, and t-test and chi-square test were used for comparison between BMI < 18 and BMI ¼ 18 -21 groups. Comparison of bone mineral measurements and other variables between the BMI groups was also made by controlling for pubertal maturation. Logistic regression was conducted to determine predictors of BMC at the four sites of the forearm, and to estimate relative risk. Variables that are significantly correlated with BMC, including bone size (Prentice et al, 1994) , were included into the regression analysis. BMC was converted into a dichotomous variable by the median. Age at menarche was calculated by using censored likelihood methods (Hediger & Stine, 1987) . All data were analysed using SPSS (Version 10.0, SPSS Inc., Chicago, IL, USA).
Results
Using Chinese standards the prevalence rate of underweight=low body weight (BMI < 18) among these Beijing girls aged 12.9 (s.d. 0.6) in 1995 was 32.2%. About half of the girls had their BMI in the desirable range (BMI ¼ 18 -21). There was a significant difference (P < 0.0005) of nutritional status among areas, with urban girls having lower rates of acceptable BMI and higher obesity rates (Table 1) .
About two thirds of the girls had achieved menarche (66.2%; Table 2), and there were no significant differences in menarcheal rates among rural, suburban and urban areas (63.4, 68.6 and 64.4%, respectively). While most girls had reached Tanner stages 3 and 4 for breast development (Table 2) , they were still mainly at stages 1 -3 for pubic hair development (30.1, 27.2 and 29.0%, respectively). The mean age of menarche calculated from the sample by censored likelihood methods was 13.1 (s.d. 0.1) y. Table 2 shows that compared with girls with desirable body weight, girls with low body weight had not only a lower bone age, a delayed breast development, a lower rate of menarche, but also a lower distal one-third radius and ulna BMC, BMD and BW. At distal one-tenth radius and ulna, differences in BMC and BW between the two BMI groups were also significant. No differences in age, height, nutrient and milk intakes, SPAS, PAs and family income were observed between the two groups.
Characteristics and bone mineral measurements of Beijing girls achieving menarche by BMI group and girls at high pubertal maturation level (Tanner stage 4 for breast development) by BMI group are presented in Table 3 . Controlling for pubertal maturation status, girls with low body weight again had lower BMD at distal one-third radius and ulna than their counterparts with desirable weight while BW was comparable. SPAS, one of the two indicators of physical activity, showed that both low body weight groups were less active than the group with desirable body weight. In addition, subjects at Tanner stage 4 and with low body weight had lower protein and energy intakes than their desirable weight counterparts.
Logistic regression analyses of BMC at distal one-third and one-tenth radius and ulna on variables that correlated significantly with BMC or were bone size variables, including bone age, Tanner breast stage, socioeconomic area, SPAS, milk intake, family income, BW, age, height, and weight were performed for the low and desirable body weight subjects. PA was also included in the analysis even though its association with BMC did not achieve a significant level. BMC was converted into a dichotomous variable by the median at each site of the forearm. BMI was coded as a categorical variable (< 18 or 18 -21). The results showed that BW, bone age, BMI, socioeconomic area and milk intake were predictors of BMC, with models varying by bone site. For the total of four BMC models, bone age was a predictor Values are percentage of total subjects in the area (95% CI). b Differences of BMI status among areas were significant (P < 0.0005).
Low body weight and bone health X Du et al in three, with an odds ratio up to 1.55 (95% CI 1.25 -1.93); socioeconomic area was a predictor in the BMC at distal onethird radius (odds ratio 2.94, 95% CI 1.56 -5.29); milk intake was in the BMC at distal one-tenth radius (odds ratio 1.007, 95% CI 1.003 -1.01, for rural vs other areas); BMI was a predictor in the BMC at distal one-third ulna. The model is shown in Table 4 . When comparing BMI < 18 vs BMI ¼ 18 -21, the risk of the BMC being less than the median increased by 82%. Using the age-and gender-specific BMI recommended by WHO, rates of thinness (BMI < 15.36) and risk of overweight (BMI 23.08) were 5.7 and 13.5%, respectively, for these Beijing girls. Comparison of percentile BMI values between the 1214 Beijing girls (13 y, 1995) and American girls (13 y, 1968) are presented in Figure 1 . The mean BMI values of Beijing girls were lower than those of American girls at each percentile (5th, 15.27 vs 15.36, 15th, 16.29 vs 16.43; 50th, 18.51 vs 18.95; 85th, 22.68 vs 23.08; 95th, 26 .35 vs 27.07); however, Beijing urban girls had higher BMI values than American girls at 85th and 95th percentiles, showing a trend towards obesity among Beijing urban girls. The stunting rate was 4.0% using the less than 72 s.d. cut-off and 4.8% using the less than 3rd percentile cut-off, respectively. Low body weight and bone health X Du et al Coding for BMC (bone mineral content) at distal one-third ulna: 0, < 0.557 g=cm (the median); 1, 0.557 g=cm. For BMI: 0, < 18; 1, 18 -21.
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Discussion
Assessed by Chinese criteria, Beijing girls aged 12.9 y had a low body weight rate (BMI < 18) as high as 32.2%, in contrast to a 5.7% of thinness rate if the 5th percentile BMI value (15.36) of American girls aged 13 y in 1968 was used for the assessment as recommended by the WHO Expert Committee (1995) . Given the similar distribution of BMI in Beijing girls and the American reference group, and given that mean menarche age of Beijing girls was only 0.3 y later than that of American girls (13.1 vs 12.8 y, WHO Expert Committee, 1995) , it seems reasonable to use the WHO reference in assessment of nutritional status of Beijing girls for this age group. The 5.7% of thinness rate of Beijing girls aged 13 y in 1995 was much lower than the 12 -13% thinness rate of Chinese adolescents aged 10 -18 y from eight provinces of China in 1991 -1993 reported by Wang et al, and stunting rate was also much lower in the Beijing girls than in those Chinese girls in the study by Wang et al (4.0 vs 16 -19%), indicating that undernutrition in adolescents was less serious in Beijing, the capital city of China, than in other areas of China. The rates of overweight and obesity by the Chinese criteria (BMI ¼ 22 -23, and BMI > 23) were 7.7 and 12.4%, respectively, and the combined rate of 21.1% was higher than the 13.5% rate of risk of overweight by the WHO reference (BMI 23.08). International cut-off points for BMI for overweight and obesity in children have been suggested recently by Cole et al (2000) : cut-off points of BMI for 13-y-old girls are 22.58 for overweight and 27.76 for obesity, defined to pass through BMI of 25 and 30 at age 18. Using these cut offs, the rates of overweight and obese would be 12.4 and 3.1%. The combined rate was 15.5%, which fell between the Chinese standard and that of the WHO reference. Although the upper limit of the desirable BMI for these Chinese girls needs validating, preferably against markers of disease risk, more attention needs to be paid to the trend towards obesity among urban girls. The mean menarcheal age of 13.1 (s.d. 0.1) y calculated from current study sample is slightly higher than the median ages of menarche in urban girls (12.61 (1.11) y) and rural girls (12.97 (1.05) y) of Beijing from a national survey on children and adolescents' health in 1985 (Lin et al, 1992) . In the study of Lin et al, probit analysis was used and the subjects were aged 7 -22 y. This may have resulted in a less accurate estimate than the method and subjects in the study reported here. Compared with a median menarcheal age of 14.16 y in Beijing girls in 1962, using probit analysis again (Ye et al, 1981) , with a mean menarcheal age of 13.1 y in 1995, Beijing girls appear to experience pubertal maturation earlier than 30 y ago. In contrast, using the WHO reference data, De Onis et al (2001) reported a 50.5% prevalence of thinness and a 11.2% prevalence of stunting in 818 Indian boys aged 7 -16 y (both figures being much higher than those from our current study of Chinese girls), and indicated that the reference data seemed inadequate for their study sample of Indian children. Our current study, however, shows a significant difference in growth, maturation and bone mineral parameters by setting the cut-off for low body weight at BMI of 18. Girls with BMI less than 18, compared with those with BMI of 18 -21, not only had delayed growth and development, as indicated by lower bone age, delayed breast and pubic hair development, and a lower rate of menarche, but they also had lower BMD at the distal one-third radius and ulna, with other confounding factors being comparable, especially the stage of pubertal maturation (Tables 2 and 3 ). The greatest difference in BMD between the two BMI groups was 0.044 g=cm 2 (44% of the s.d.) and, if this difference persisted, those with a lower BMD and BMI could have lower BMD later in life. A change of 1 s.d. in bone mass may reduce the risk of fracture in later life by as much as 100% (Hui et al, 1989; Wasnich et al, 1989) . Furthermore, logistic regression of BMC at distal one-third ulna confirmed that BMI was a predictor of BMC, after controlling for other possible confounding factors. When comparing BMI < 18 vs BMI ¼ 18 -21, the risk of BMC less than the median increased by 82% (Table 4) . It was reported that Japanese women with earlier menarche had higher peak bone mass than those with later menarche (Ito et al, 1995) . In our study, girls with a low body weight also had delayed menarche and breast development and it may also have had an adverse effect on BMC=BMD (Table 3) , despite the fact that pubertal maturation was not shown to be an independent determinant of BMC in the logistic analysis. Girls with low body weight need more primary health care since the phenomenon of BMI tracking (maintenance of steady BMI status over time) has been demonstrated in Chinese children (Wang et al, 2000) . Furthermore, attention should be paid to post-menarcheal Figure 1 Comparison of percentile BMI values between the 1214 Beijing girls (13 y, 1995, by rural, suburban and urban area) and American girls (13 y, 1968; WHO Expert Committee, 1995 Low body weight and bone health X Du et al girls and those at higher pubertal maturation stages with low body weight (accounting for 14.3% of the study sample). They have less chance to catch up to the BMD levels of their acceptable weight counterparts than do pre-menarcheal or less mature low-body-weight girls, since menarche and advanced pubertal maturation indicate the end of the growth spurt, and the gap in BMD is more likely to be continued into adulthood. Menarcheal status (more easily assessed than pubertal stage) therefore can be used together with BMI to assess the risk of lower BMD in this population. Our finding that girls with same higher Tanner stage but lower BMI had significantly lower BMD (Table 3 ) would seem to suggest that these girls may have a lower peak bone mass in adulthood. However, the current study, being a crosssectional study, cannot determine whether their BMD would increase if they gained weight, or whether they are simply slower to attain peak bone mass. Such questions could only be answered by a follow-up study of these girls to full maturity and even into their late twenties.
The bone mineral measurement in this study was conducted using SPA densitometry which showed a relatively low correlation coefficient of 0.603 against a dual-energy X-ray absorptiometry (DXA) in a group of eight subjects. This correlation coefficient would be raised to 0.837, with SPA accounting for 70% of the variability in DXA measurements (improved from 36.4%), if one subject with a pair of extreme values was removed from the analysis. However, the association between the BMD results of the two methods may be strong enough and the SPA reliable enough for an epidemiological survey such as this, which focused on comparison of group values and was not designed to set up reference BMD values.
While there were no differences in nutrient intakes and SPAS between the low body weight and the desirable weight groups (Table 2) we did find that higher SPAS (meaning poorer performance in school physical education classes) and lower protein and energy intakes characterized girls with low body weight when comparison was made by stratification of pubertal status (Table 3) . These results suggest protein and energy intakes and school physical education activity might also contribute to BMI, though that BMI is mainly genetically determined (Pietilainen et al, 1999) . Socioeconomic area was another environmental factor associated with BMI (Table 1) , probably reflecting the uneven rate of development in different areas of China in recent years.
In conclusion, the high prevalence of low body weight (BMI < 18) among Beijing pubertal girls is still a major health problem. BMI < 18 can be recommended as the cut-off for diagnosing delayed growth and development in girls aged 12 -14 y and for screening girls at risk of lower BMD. Together with BMI, menarcheal status and pubertal maturation stage can be used to assess the risk of low BMD and to target intervention groups. Primary health care and appropriate interventions (nutrition and physical activity) need to be implemented among Chinese school age girls to improve their growth and bone health.
